A novel anchoring ligand for dye-sensitised solar cell chromophoric complexes, 1-(2,2'-bipyrid-4-yl)-1,2,3-triazole-4,5-dicarboxylic acid (dctzbpy), is described. (1) (E red = −1.34 V, dcbH 2 = 2,2'-bipyridyl-4,4'-dicarboxylic acid). This therefore demonstrates that the LUMO of the complex is correctly positioned for favourable electron transfer into the TiO 2 conduction band upon photoexcitation. The higher energy LUMOs for AS16 to AS18 and a larger HOMO-LUMO gap result in blue-shifted absorption spectra and hence reduced light harvesting efficiency relative to their dcbH 2 analogues. Preliminary tests on TiO 2 n-type and NiO p-type DSSCs have been carried out. In the cases of the Ir(III) and Re(I) based dyes AS17 and AS18 these show inferior performance to their dcbH 2 analogues. However, the Ru(II) dye AS16 (η = 0.61%) exhibits significantly greater efficiency than 1 (η = 0.1%). In a p-type cell AS16 shows the highest photovoltaic efficiency (η = 0.028%), almost three times that of cells incorporating the benchmark dye coumarin C343.
Introduction
The application of transition metal complexes, principally those of ruthenium(II), have attracted enormous attention for their application in n-type dye-sensitised solar cells (DSSC). [1] [2] [3] [4] The relatively long-lived triplet metal-to-ligand charge-transfer ( 3 MLCT) states of these complexes 5 allow efficient charge injection into the electrode on which the complex is adsorbed. Innumerable reports have appeared in the literature on the design and modification of the ligand set for these complexes in order to enhance the optical absorption cross-section to increase light harvesting efficiency and to optimise the ground state and excited state oxidation potentials for charge-injection and dye regeneration processes. 6 A critical component of these dye complexes is therefore the ligand on which the 3 MLCT state is localised and which anchors the complexes to the electrode. The energy of the lowest-unoccupied molecular orbital (LUMO) of the dye, localised on this ligand then largely determines the excited state oxidation potential which must be correctly positioned relative to the Fermi level of the electrode to favour efficient charge injection, and relative to the electrolyte redox couple to minimise short-circuit reactions. Whilst complexes of ruthenium dominate the literature dyes based on a variety of metals have been evaluated including osmium, 7 platinum, 8 rhenium, 9 iron, 10 and iridium 11 as well as zinc porphyrins. 12 Great strides have also been taken in the optimisation of metal free organic dyes. 13, 14 Over thirty years ago, Goodenough and co-workers 15 reported the use of 4,4′-dicarboxy-2,2′-bipyridine (dcbH 2 , Fig. 1 ) as an ambidentate ligand for coordination to Ru(II) and metal oxide semiconductors. Strong electronic coupling between the MLCT excited states of dcbH 2 -containing Ru compounds and TiO 2 has been inferred from femtosecond transient absorption spectroscopy, and the timescales extracted from such data are on the order of <25 fs. 16 To this day dcbH 2 remains the most efficient and widely utilised anchoring ligand for applications in DSSCs, however, a number of other carboxylate-based variant ligands have been investigated. Heuer et al. reported the design of a new bipyridine based anchoring ligand (4,5-diazafluoren-9-ylidene)malonic acid (dfm, Fig. 1 ) together with its corresponding complex [Ru(bpy) 2 (dfm)] 2+ (bpy = 2,2′-bipyridyl). 6 
. 17 This increases charge separation upon charge injection and reduces the rate of recombination but also leads to augmentation of the light absorption properties over the corresponding dcbH 2 complex. This yielded an overall conversion efficiency of 6.1% compared with the 4.8% achieved using the archetypal DSSC dye N3 ([Ru(dcbH 2 ) 2 (NCS) 2 ]). In an attempt to minimise the rate constant for charge recombination, Abrahamsson et al. introduced a phenylenethynylene unit between a bpy ligand and the surface anchoring groups (dcpebpy, Fig. 1 ), preparing the corresponding [Ru(dcebpy)(bpy)(NCS) 2 ] complex. This resulted in a recombination rate three times smaller compared to that for N3.
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Whilst carboxylates represent by far the most commonly encountered anchoring moiety DSSC dyes with other anchoring groups have also been investigated. These include phoshonic acid appended copper(I) and ruthenium(II) complexes [19] [20] [21] and also boronic acid derivatised complexes. 22 In contrast to the wealth of literature on transition metalbased dyes for n-type DSSCs, only a few examples have been reported for NiO p-type cells. 23 We also report the preparation of ruthenium(II), iridium(III) and rhenium(I) complexes AS16-Et 2 to AS18-Et 2 of the initial diethyl ester of the dctzbpy ligand and subsequent photophysical and electrochemical analyses. Further, we report the hydrolysis of these complexes to their corresponding diacids AS16 to AS18 (Fig. 3) and pilot studies on their utilisation in DSSC test devices with comparison to corresponding dcbH 2 complexes 1 to 3.
Results & discussion
The above mentioned ligand, dctzbpy, was prepared by the route described in Scheme 1. We, and others, have previously reported the preparation and reactivity of the bpy derivative 4-azido-2,2′-bipyridyl. 34, 35 This azide precursor was subject to thermally driven cycloaddition with one equivalent of diethyl acetylenedicarboxylate in refluxing toluene to furnish the diester diethyl-1-(2,2′-bipyrid-4-yl)-1,2,3-triazole-4,5-dicarboxy- 5 Cl] were carried out. Firstly, the above mentioned starting metal precursor complexes were reacted together with detzbpy (Scheme 1) followed by anion metathesis with NH 4 PF 6 to yield the desired diester complexes.
As The final dyes AS16 to AS18 can be readily accessed by hydrolysis with KOH in acetone and subsequent neutralisation. Due to solubility issues, however, and the fact that key properties are expected to differ little after hydrolysis electrochemical characterisation is reported for the more soluble esters AS16-Et 2 to AS18-Et 2 .
Cyclic voltammetry traces and summarised electrochemical data are presented in Fig. 4 and Table 1 respectively. The complex AS16-Et 2 presents a reversible Ru(II)/(III) oxidation at +1.00 V and an irreversible reduction peak at −1.50 V assigned to the detzbpy reduction. This is followed by two further reversible reduction peaks assigned to the bpy ligands. A quasi-reversible oxidation is observed at +0.90 V for AS17-Et 2 , corresponding to the one-electron Ir(III)/Ir(IV) couple. The first reduction presents as a quasi-reversible process at −1.59 V again assigned to be detzbpy ligand. Complex AS18-Et 2 is characterised by a quasi-reversible oxidation peak at +1.00 V, in agreement with the potential of other Re(CO) 3 (dcb-Et 2 )Xbased complexes (X = halide). 36 It also presents a reversible detzbpy-based reduction at −1.56 V. The oxidation potentials for these complexes are similar to those of their corresponding dcbH 2 -based analogues consistent with the expectation of a largely metal-based HOMO. 29, 36, 37 The detzbpy-based reduction potentials (−1.5 to −1.6 V) are more cathodically shifted than that reported for 1 (−1.34 V) 29 consistent with a higher energy LUMO as indicated in the spectroscopic data.
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The isolated and purified complexes AS16-Et 2 to AS18-Et 2 were then refluxed in KOH/acetone and neutralised with HCl to yield the corresponding dctzbpy complexes. 17 were also prepared for comparison. UV-Visible absorption spectra were recorded for all complexes in acetonitrile solutions at room temperature and are presented in Fig. 5 with summarised data listed in Table 2 .
The comparison between the dcbH 2 complexes and their dctzbpy analogues shows similar absorption profiles but with a slight blue shift in the lower energy absorptions for complexes AS16-18. All complexes show a strong band at 250-300 nm attributed to π-π* 1 LC transitions together with 1 MLCT bands of modest intensity (ε ≈ 5000-10 000 dm 3 mol −1 cm −1 ) above 400 nm. The blue-shifted absorption bands in the spectra of the dctzbpy complexes suggests that the LUMO is higher in energy than those for the dcbH 2 analogues and that the biscarboxytriazole group is less electron withdrawing than the two carboxylate groups bonded directly to the bipyridyl core in dcbH 2 . Nevertheless, LUMO is correctly positioned with reference to the TiO 2 Fermi level for favourable charge injection when adsorbed on a photoanode. 4 These similar absorption patterns will be expected to result in comparable photovoltaic performance for the dyes AS16-18 relative to 1-3.
The complexes AS16-18 exhibit broad emission bands between 550 and 650 nm which are similarly blue-shifted relative to their dcbH 2 analogues, with similar life-times at about 32 ns. This again is indicative that the LUMO of the dctzbpy ligand, and thus that of its complexes, is higher in energy with respect to dcbH 2 thereby leading to the observed destabilisation of 3 MLCT T 1 states in these complexes.
In order to gain a more complete understanding of the photophysical and electrochemical properties imparted by the new ligand dctzbpy we turned to density functional theory (DFT) calculations. These calculations were carried out on the free acid carboxylic acid complexes AS16-18, partly to reduce computational cost of the extra alkyl groups of the ester moieties, and due to the fact that the spectroscopic absorption properties of the free acid and ester complexes differ little suggesting that they are electronically very similar. Optimised singlet ground state geometries for the three new dyes AS16-18 and model complexes 1-3 were calculated at the B3LYP level of theory using Stuttgart-Dresden relativistic small-core effective core potentials and basis sets for the metallic elements and 6-311G* basis sets for all other atoms. Molecular orbital energies (Fig. 6) and localisations (Fig. 7) were then determined in single-point calculations using the COSMO solvation model (ε = 37.5 for acetonitrile). The HOMO has significant metallic d-orbital character in all cases with additional aryl π* character in the case of AS17 and CO π* and Cl p-orbital character for AS18. In all cases the LUMO is dominated by the dctzbpy ligand and is mostly localised over the bpy fragment. For AS16 there is also a minor contribution from the bpy ligands whilst for AS17 and AS18 there is an additional contribution from the dicarboxytriazole moiety. Frontier molecular orbital energies are provided in Table 3 . In agreement with UV-visible absorption and emission data there is a slight destabilization of both HOMO and LUMO orbitals, but to a greater extent for the latter, for AS16-18 relative to those of their dcbH 2 analogues. Thus the HOMO-LUMO gaps for the dctzbpy complexes are an average of 0.12 eV larger than for 1-3 accounting for the experimental spectroscopic data. The ground state frontier molecular orbitals of AS16-18 are thus correctly localised to facilitate optimum charge-transfer directionality with respect to the carboxylate anchor for efficient charge injection when adsorbed onto a photoanode. Moreover, the relative energy of the dctzbpy ligand localised LUMO in complexes AS16-18, being slightly higher than those of the dcbH 2 analogues 1 to 3, will inevitably be favourably positioned relative the TiO 2 Fermi level in order to facilitate charge injection into the electrode.
Time-dependent DFT (TDDFT) calculations were carried out on the optimised ground state geometries of each complex in order to determine vertical excitation energies and the nature of the lowest energy singlet excited states. Simulated absorption spectra are overlaid with experimental spectra and shown in Fig. 8 and reveal that predicted transitions correlate well with the experimental spectra. The excitations to the S 1 state of all complexes are primarily HOMO → LUMO in character, however, they are of low oscillator strength and will therefore contribute little to the observed absorption spectra. Consistent with the enlarged HOMO-LUMO gap in complexes AS16-18 relative to their respective dcbH 2 MLCT character. The relative positioning of the frontier orbitals in the dctzbpy complexes described would indeed seem to make them amenable to application in the photovoltaic sensitisation of n-type solar cells. We therefore prepared n-type TiO 2 -based test DSSC devices utilising complexes AS16 to AS18 along with those of the corresponding dcbH 2 analogues for comparison. The free dye AS16 and TiO 2 -immobilised AS16 were analysed by FTIR spectroscopy and microscopy in an attempt to gain insight into the anchoring mode of the dctzbpy ligand. Unfortunately the data do not enable any definitive conclusions to be drawn.
The principle photovoltaic parameters for the constructed DSSC devices are listed in Table 4 . The overall conversion efficiencies η were derived from the equation η = J sc V oc FF, where J sc is the short circuit current density, V oc is the open circuit voltage, and FF is the fill factor. Fig. 9 shows the photocurrent-voltage and IPCE traces of the n-type DSSCs based on the new dyes.
The IPCE values are generally below 10% over the visible region of the spectrum except for those of AS16 and 2 (Fig. 9) . The IPCE profiles reflect the absorption profiles of the corresponding dyes; both AS16 and 1 exhibit IPCE maxima coincident with the region in which the complexes have a 1 MLCTbased absorption band between 400-500 nm. All the other complexes have absorption maxima between 370 and 420 nm so their IPCE curves show only the tail of these bands into the visible region. The obtained photovoltaic efficiencies for complexes AS17 and AS18 are lower than those for their dcbH 2 analogues determined under identical conditions. This is not unexpected and attributable to their blue-shifted absorption profiles which would result in lower light harvesting efficiency. Further, whilst the LUMO energies for AS16-18 are expected to be in the correct position relative to the TiO 2 Fermi level they are higher in energy than those of 1-3. This might imply less efficient overlap of the LUMO with the TiO 2 conduction band and consequently lower electron injection efficiency. The best result for the new dyes is obtained for complex AS16 with an efficiency of 0.61% (compared to 0.1% for 1 and 5.76% for the benchmark dye N719 under the same conditions). AS16 achieved the highest open circuit voltage (0.66 V) which might suggest a longer excited state electron lifetime, 38 hence a higher electron density on the TiO 2 surface. The efficiency for AS17 was dramatically lower than that of its dcbH 2 analogue 2. Indeed, the efficiency of 2 (0.71%) exceeds that of AS16 with a reasonably strong optical absorption shoulder when adsorbed on TiO 2 (ESI †) that matches the band at 450-550 nm apparent in the IPCE trace. The rhenium complexes AS18 and 3, however, showed very similar J sc , V oc and η values to each other.
Whilst AS16 indeed shows superior performance over its dcbH 2 model in the cells test the performance of the other new dyes, especially in the case of AS17, is disappointing and likely stems from the elevated LUMO associated with the dctzbpy ligand. However, we reasoned that these dyes may yield greater sensitisation efficiency than their dcbH 2 analogues in p-type devices for the very same reason. 24 We therefore constructed and tested NiO-based p-type cells based on the new dyes and their dcbH 2 analogues 1 to 3 along with coumarin C343 as a benchmark comparison. Current-voltage and IPCE plots are provided in Fig. 10 with photovoltaic parameters listed in Table 5 . The AS16 based cell exhibits the highest overall efficiency of all metal complex sensitised p-type cells (0.028% compared to 0.01% for C343) and the highest IPCE of 17%. As might be expected due to the dctzbpy anchoring ligand being less electron withdrawing than dcbH 2 the performances of cells using AS16 and AS17 exceed those of 1 and 2 respectively. Indeed, 1 and 2 seem to be desensitisers of NiO in these cells with the current generated below 450 nm most likely stemming from photolysis of the I 3 − electrolyte as previously noted by Nattestad et al. 39 Cells utilising AS18 and 3 yield near identical performance parameters. The results for AS16 are generally encouraging in terms of dye development but are disappointing when considered in comparison to the benchmark N719. With further ancillary ligand development in combination with the new ligand it may be possible to arrive at much higher efficiency n-type sensitisers. Complexes of the new anchoring ligand dctzbpy may also find potential applications in p-type cells since the data show that the ruthenium(II)-based dye AS16 results in an efficiency three times that of the benchmark standard dye coumarin-C343. When combined with other ligands about a metal centre with greater electron withdrawing character this anchoring ligand provides potential for the development of far more efficient p-type sensitisers. Complexes based on the ligands described here may also find utility as photochemical solar fuel catalysts adsorbed on semiconductor nanoparticles. 40 As the complexes here are luminescent and the carboxylate groups can be utilised for bioconjugation complexes bearing the dctzbpy core structure could also be used in biological imaging applications. 41 
Conclusions
We have designed and prepared a new anchoring ligand, 1-(2,2′-bipyridin-4-yl)-1,2,3-triazole-4,5-dicarboxylic acid, and its ruthenium, iridium and rhenium complexes. New ruthenium(II), iridium(III) and rhenium(I)-based dyes, AS16 to AS18 respectively, have been compared with their dcbH 2 analogues. Spectroscopic and theoretical results suggest the LUMO of the dctzbpy ligand is higher in energy than that of dcbH 2 . Whilst correctly positioned for charge injection upon photoexcitation the resultant blue shift in optical absorption bands results in inferior light harvesting properties. Whilst improved photovoltaic performance is observed for AS16 this leads to a reduction in the photovoltaic efficiency for the other dyes in n-type DSSCs when compared to their dcbH 2 analogues. In p-type cells the ruthenium(II) and iridium(III)-based dyes AS16 and AS17 display superior performance over their dcbH 2 counterparts. Indeed, AS16 is shown to yield three times the efficiency of the benchmark dye coumarin C343. The work therefore offers insights into new anchor ligand systems. The newly reported ligand has potential for further development for dye complexes in NiO-based p-type DSSC devices especially in which a less electron withdrawing anchoring ligand is desirable, and in other applications including dye-sensitised electrochemical cells for solar catalysis and biological luminescent imaging.
Experimental section

General methods
Chemicals were purchased from Aldrich and Acros, iridium and ruthenium were purchased from Precious Metal Online (Australia) and used as received. All complexation reactions were carried out under nitrogen. 4-Azido-2,2′-bipyridine, 34 [Ru(bpy) 2 17 were all prepared according to literature procedures. 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance 400 MHz instrument. Mass spectrometry data were collected on a Bruker Micro Q-TOF instrument. UV-Visible absorption spectra were recorded on a Varian Cary 300 spectrophotometer and corrected emission spectra were recorded on a Horiba Fluoromax-4 spectrofluorometer. Luminescent lifetime measurements were carried out using an Edinburgh Instruments Mini-Tau spectrometer. Following this a light scattering layer (Solaronix Ti-Nanoxide R/SP) was applied in the same way and the films were sintered at 500°C for 30 minutes. After a second treatment with TiCl 4 , the films were sintered for a final time as before. After cooling to 80°C, the TiO 2 electrodes were immersed into a 0.5 mM dye solution in acetonitrile overnight in the dark. The NiO films were prepared by using an F108-templated precursor solution containing NiCl 2 (1 g), Pluronic® copolymer F108 (1 g), distilled water (3 g) and ethanol (6 g ) and the excess was removed by doctor blade. The film was sintered at 450°C for 30 minutes and additional layers of precursor solution were applied and sintered until the film thickness was ca. 1.5 μm.
The Pt catalyst was deposited on the FTO glass, coating with 10 µL cm −2 of H 2 PtCl 6 solution (5 mM ethanol solution), air dried and heated at 400°C for 15 minutes. The dye-covered TiO 2 or NiO electrodes and Pt-counter electrodes were assembled into a sandwich-type cell and sealed with a Surlyn hot-melt gasket of 60 µm thickness. A solution of 0.5 M TBP, 0.015 M I 2 , 0.6 M TBAI and 0.1 M GuSCN in acetonitrile was used as electrolyte in the TiO 2 -based n-type cells whereas an electrolyte containing 0.1 M I 2 and 1 M LiI in acetonitrile was used for p-type cells.
Computational methods
DFT calculations were carried out using the NWChem 6.3 software package. 42 B3LYP hybrid functional (20% Hartree-Fock) method has been used for calculations, 43, 44 Stuttgart relativistic small core ECP 45 for transition metals and 6-311G* 46 basis sets for all other atoms. Molecular geometries and molecular orbitals pictures were realised using the ccp1 graphical software. For all the studied complexes, the ground state geometries were first optimized and molecular orbital energies determined. TDDFT calculations 47 on optimised structures in CH 3 CN by using the COSMO solvation model, 48 built in NWChem software, were used to obtain the electronic spectra and molecular orbital energy levels.
Synthesis of diethyl-1-(2,2′-bipyrid-4-yl)-1,2,3-triazole-4,5-dicarboxylate 4-Azido-2,2′-bipyridine (0.1 g, 0.51 mmol) and diethyl acetylenedicarboxylate (0.16 g, 0.76 mmol) was dissolved in toluene (15 mL 
